Mutations in the polymerase genes are known to play a major role in avian influenza virus adaptation to mammalian hosts. Despite having avian origin PA and PB2, the 2009 pandemic H1N1 virus (pH1N1) can replicate well in mammalian respiratory tracts, suggesting that these proteins have acquired mutations for efficient growth in humans. We have previously shown that PA from the pH1N1 virus A/California/04/09 (Cal) strongly enhances activity of an otherwise avian polymerase complex derived from A/chicken/Nanchang/3-120/01 (Nan) in mammalian cells. However, this enhancement was observed at 37°C but not at the lower temperature of 34°C. An additional introduction of Cal PB2 enhanced activity at 34°C, suggesting the presence of unidentified residues in Cal PB2 that are required for efficient growth at low temperature. Here, we sought to determine the key PB2 residues which confer enhanced polymerase activity and virus growth in human cells at low temperature. Using a reporter gene assay, we identified novel mutations, PB2 V661A and V683T/A684S, which are involved in enhanced Cal polymerase activity at low temperature. The PB2 T271A mutation, which we previously reported, also contributed to enhanced activity. The growth of recombinant Cal containing PB2 with Nan residues 271T/661V/683V/684A was strongly reduced in human cells compared to wild-type virus at low temperature. Among the four residues, 271A and 684S are conserved in human and pH1N1 viruses but not in avian viruses, suggesting an important role in mammalian adaptation of pH1N1 virus.
I
nfluenza pandemics occur when a new strain crosses the species barrier and acquires the ability to replicate and transmit efficiently in human hosts. The emergence of a new pandemic virus is driven by both adaptive mutation of individual viral genes and reassortment of viral genome segments. Evidence suggests that preferential binding of human or avian influenza virus hemagglutinin (HA) to ␣-2,6 or ␣-2,3 sialylated receptors, respectively, confers a restricted host range (1) . It is also well established that mutations in polymerase proteins play a key role for avian virus adaptation to humans (2) (3) (4) (5) (6) (7) . Avian virus polymerases do not function well in mammalian cells (3) , but specific mutations in avian virus polymerase genes allow for efficient viral replication in mammalian hosts. These key residues are mainly found to reside in PA and PB2 (2-4, 8, 9) . In addition, efficient replication at lower temperatures is also considered a major factor that restricts viral host range (4) . Human influenza viruses replicate in the human upper respiratory tract at close to 33 to 34°C, while avian viruses replicate in the avian intestinal tract at about 39 to 41°C (4, 10) . Most avian influenza viruses exhibit a low temperature-sensitive phenotype, displaying reduced viral replication and protein production at lower temperatures, but more efficient replication at higher temperatures. Thus, the ability to replicate efficiently at low temperature is likely to be required for adaptation of influenza viruses to the human population.
Beginning in April 2009, the pandemic H1N1 (pH1N1) virus emerged in Mexico and rapidly spread worldwide, causing a global pandemic (11, 12) . The pH1N1 virus is a swine-origin influenza virus strain with a unique genomic constellation derived from avian-, swine-, and human-origin genes (11, 12) . Of note, this virus contains avian-like PA and PB2 polymerase gene segments but replicates well in mammalian cells (12, 13) , suggesting that these virus segments have acquired mutations required for efficient growth in humans. Using an in vitro reporter gene assay, we previously determined the role of each polymerase component of the pH1N1 strain A/California/04/2009 (Cal) in mammalian host adaptation. We analyzed activity of polymerase complexes of the avian strain A/chicken/Nanchang/3-120/01 (Nan) containing components from Cal (8) . A Nan polymerase complex containing Cal PA was highly active at 37 and 39°C but not at 34°C (8) . Importantly, the additional introduction of Cal PB2 enhanced activity to a similar level to the Cal polymerase complex at 34°C, indicating that PA and PB2 are essential for the activity of Cal in mammalian cells at low temperature (8) .
A PB2 residue at position 627 is a well-known determinant of cold sensitivity of the influenza virus polymerase complex (4, 5, 10) . Avian influenza viruses most commonly possess a glutamine (E) at position 627 of PB2, while human viruses contain a lysine (K) at this position. An E627K substitution in PB2 confers the ability of an avian virus to replicate efficiently at low temperatures in vitro (10) . It has also been reported that the PB2 E627K substitution in a highly pathogenic H5N1 avian influenza virus supports efficient virus replication in the upper respiratory tract of infected mice, where the temperature is low (14) . Moreover, Steel et al. showed that the D701N mutation in PB2 was involved in virus replication in vitro at low temperature (15) . Interestingly, pH1N1 virus can replicate well in the upper respiratory tract of infected animals (13) , despite containing an avian-like PB2 lacking E627K or D701N substitutions. We previously found that PB2 residue 271A, which is conserved among human isolates, enhanced avian polymerase activity and virus replication in mammalian cells (3) . However, introduction of an avian type A271T residue in Cal PB2 did not completely abolish the activity of the Cal polymerase complex at low temperature (3), suggesting the presence of additional residues that contribute to efficient polymerase activity and virus growth in mammalian cells at low temperature.
In this study, we further addressed the Cal PB2 residues required for enhanced polymerase activity and virus growth in human cells at low temperature. We constructed Cal/Nan PB2 chimeras to determine specific regions of Cal PB2 that confer enhanced activity at low temperature. Using a reporter gene assay, we found that the Cal PB2 C-terminal region, containing amino acids 645 to 759, contains key residues that are essential for high polymerase activity at low temperature. Stepwise mutation analysis revealed that mutation at residues V661A, V683T/A684S, and T271A enhance avian virus polymerase activity. We also found that these four residues are required for viral protein production and multistep viral growth in the context of Cal infection, especially at low temperature. Taken together, we identified novel PB2 residues, 661A and 683T/684S, which confer enhanced polymerase activity and viral growth in mammalian cells at low temperature. Plasmids. Construction of pCAGGS and pPolI vectors containing A/chicken/Nanchang/3-120/01 (Nan) and Cal genes were described previously (3, 16, 17) . Chimera PB2 genes were created using compatible restriction sites in Nan and Cal PB2 and then cloned into pCAGGS. Mutations in the Nan or Cal PB2 gene were created by site-directed mutagenesis. Mutations in the PB2 segment were confirmed by sequence analysis. Primer sequences are available upon request. pPolI-NP-Luc was provided by T. Wolff (Robert-Koch Institute, Berlin, Germany), and pRL-SV40 (Promega) was provided by L. Martínez-Sobrido (University of Rochester).
MATERIALS AND METHODS

Virus
Virus rescue. Recombinant Cal viruses were rescued using the 12-plasmid rescue system (18) . Briefly, 293T and MDCK cocultures in a six-well plate were transfected using Lipofectamine 2000 (Invitrogen) with 0.1 g each of pPolI plasmids encoding the eight segments from Cal together with 0.4 g of each pCAGGS plasmid encoding Cal PA, PB1, PB2, or NP genes as described previously (19) . For the rescue of CalPB2-271T, CalPB2-3mut (PB2-661V/683V/684A), or CalPB2-4mut (PB2-271T/661V/683V/684A), we replaced pPolI-CalPB2 with pPolI-CalPB2-271T, pPolI-CalPB2-3mut, or pPolI-CalPB2-4mut, respectively. Rescued viruses were plaque purified, and stock virus was propagated in MDCK cells. Mutations in the PB2 segment were confirmed by sequence analysis. Virus titers were determined by immunofluorescence analysis of nucleoprotein expression in Calu-3 cells.
Transfection-based reporter gene assay. Polymerase activity assays in 293T cells were performed as described previously (3, 8) . Briefly, 293T cells in a 12-well plate were transfected with 0.4 g each of pCAGGS-NP, -PA, -PB1, and -PB2 and 0.1 g each of pPolI-NP-Luc and pRL-SV40 using Lipofectamine 2000 (Invitrogen) at 34 or 37°C for 24 h. Luciferase production was measured using the dual-luciferase reporter assay system (Promega). Polymerase activity was normalized to Renilla luciferase expression as a transfection control. An initial experiment using polymerase complex containing Cal PB2 wild type (wt) showed that the luciferase activity at 24 h posttransfection (hpt) was higher than that at 12 hpt but lower than that at 36 or 48 hpt, confirming that the activity measured in our experimental setting at 24 hpt is not saturated (data not shown).
Virus protein production. Confluent Calu-3 cells in a 24-well plate were infected with each Cal virus at a multiplicity of infection (MOI) of 0.2 for 1 h and incubated in DMEM containing 0.15% bovine serum albumin at 34 or 37°C. At 12 h postinfection (hpi), total cell lysates were subjected to Western blot analysis to detect HA, M1, and ␤-actin proteins as described below.
Virus growth kinetics. Confluent Calu-3 cells in a 12-well plate were infected with each Cal virus at an MOI of 0.025 for 1 h and incubated in DMEM containing 0.15% bovine serum albumin at 34 or 37°C. At 2, 12, 24, 48, and 72 hpi, 10% of the culture supernatant was collected and (20) and expressed as the 50% tissue culture infective doses/ml. Western blot analysis. Calu-3 or 293T cells were lysed with Triton X-100 lysis buffer (20 mM HEPES [pH 7.5], 1.5 mM MgCl 2 , 500 mM NaCl, 0.2 mM EDTA, 1% Triton X-100, 20% glycerol) or passive lysis buffer (dual-luciferase reporter assay system; Promega), respectively. Cell lysates were separated by SDS-PAGE (4 to 12% gel; Life Technologies), and proteins were then transferred onto a polyvinylidene difluoride membrane (Millipore). The blot was blocked in 2% dry milk and then incubated with primary antibodies as follows: mouse anti-Influenza A virus PB2 monoclonal antibody (MAb; 1:1,000, NR-4541; BEI Resources), mouse anti-␤-actin MAb (1:10,000; clone AC-15 [Sigma] or clone 8H10D10 [Cell Signaling]), mouse anti-influenza A virus HA MAb (1: 4,000, NR42019; BEI Resources) or mouse anti-influenza A virus M1 MAb (1:4,000, GA2B; Thermo Scientific). The membrane was then incubated with HRP-conjugated goat anti-mouse IgG (1:10,000, Bio-Rad). Target proteins were visualized using SuperSignal West Femto maximum sensitivity substrate (Thermo Scientific). Images were obtained using a ChemiDoc XRS system (Bio-Rad) and analyzed using Quantity One 1-D analysis software (Bio-Rad).
Statistical analysis. Statistical analysis was performed using GraphPad Prism 5.0 software. Comparisons between two groups were performed using a two-tailed Student t test. P values of Ͻ0.05 were considered statistically significant.
RESULTS
The C-terminal regions of Cal PB2 confer enhanced polymerase activity at low temperature. Our previous study suggests that Cal PB2 enhances the activity of Nan polymerase complex containing Cal PA at 34°C (8) . Cal and Nan PB2 vary at 31 of their 759 amino acid residues (Table 1) . To determine the region of Cal PB2 responsible for enhanced activity at low temperature, we constructed and characterized five Cal/Nan PB2 chimera cDNAs (Fig.  1A) . These chimeric PB2 proteins were expressed at similar levels compared to wt Cal and Nan PB2 in 293T cells (Fig. 1B) . Their activities in complexes with Nan NP, PB1, and Cal PA were evaluated by reporter gene assay. All of the PB2 proteins, including that of wt Nan, function well at 37°C in a Nan complex containing Cal PA (Fig. 1C, bottom) . However, at 34°C, the activity with wt Nan PB2 was nearly 100-fold less than that of the complex containing Cal PB2 (P Ͻ 0.05, Fig. 1C ). Among the chimeras, C1 showed almost the same activity as Cal (P Ͼ 0.05), and C2 was similar to Nan (P Ͼ 0.05), suggesting that Cal residues within the region 248 to 759 are responsible for enhanced activity at 34°C. Chimeras C3 and C4 showed activity between wt Cal and Nan (P Ͻ 0.05 versus that of wt Cal or Nan), suggesting that multiple residues in the region 248 to 759 are involved in low temperature activity. Chimera C5, which contains residues 644 to 759 in addition to residues 1 to 248 from Nan, showed much lower activity than C1 (P Ͻ 0.05), suggesting that the PB2 C-terminal region has a strong impact on its function in mammalian cells at low temperature (Fig. 1C) .
PB2 residues at positions 271, 661, and 683/684 contribute to enhanced polymerase activity at low temperature. We further analyzed the activity of PB2 containing site-specific mutations. In residues 645 to 759, PB2 contains six amino acid differences between Nan and Cal (Table 1) . Among these, we mutated four residues at positions 661, 676, 683, and 684 which are surface exposed and in close proximity to each other. We also mutated the residue at 271, which we previously have shown plays a role in enhanced activity in mammalian cells (3) . We created 15 Nan PB2 Expression of PB2 proteins in transfected 293T cells was determined by Western blotting using an anti-PB2 antibody, and similar loading was confirmed using an anti-actin antibody. (C) Activity of polymerase complexes composed of Nan NP, PB1, Cal PA and the indicated PB2, determined in 293T cells at 34 and 37°C. As a negative control, a sample with an empty vector in place of PB2 was included. The results were scaled to the value of the complex containing wt Cal PB2 at 34°C and are shown as the means plus standard deviations from three independent experiments. mutants containing these mutations individually and in various combinations ( Fig. 2A) . In the case of 683/684, we mutated both together due to their close proximity. These PB2 mutants were expressed with Nan NP and PB1, Cal PA, and a luciferase reporter gene in 293T cells, and their activity was determined at 34 or 37°C. At 37°C, all of the mutant PB2 proteins were highly active due the presence of Cal PA in the complex. However, at 34°C, striking differences were observed between the mutants (Fig. 2A) . Among the mutants containing a single mutation, 271A (mut 1; 5.9-fold, P Ͻ 0.05) increased activity the most, followed by 683T/684S (mut 4; 2.0-fold, P Ͻ 0.05) and 661A (mut 2; 1.2-fold, P Ͼ 0.05), compared to the activity of Nan PB2 at 34°C. The results of the double mutants (mut 5 to mut 10) indicate that the activity of PB2 containing 271A was further enhanced by the addition of 661A (mut 5; 2.5-fold, P Ͻ 0.05), and 683T/684S (mut 7; 4.8-fold, P Ͻ 0.05), but not by 676T (mut 6; 1.1-fold, P Ͼ 0.05). The addition of both 661A and 683T/684S to 271A (mut 12) further increased activity by 12.7-fold (P Ͻ 0.05). mut 12 was 74.5-fold more active than Nan PB2 (P Ͻ 0.05) and almost as active as wt Cal PB2 (P Ͼ 0.05). All of the mutant PB2 proteins were expressed well to similar levels (Fig. 2B) . To directly assess whether these mutations in PB2 protein affect polymerase activity of the Cal polymerase complex, we introduced the Nan residues (271T, 661V, or 683V/684A) into the Cal PB2 gene and constructed plasmids expressing either Cal PB2-271T, PB2-3mut (661V and 683V/684A), or PB2-4mut (271T, 661V, and 683V/684A). We then compared their activities in the Cal polymerase complex in 293T cells at 34 or 37°C. At 34°C, Cal PB2-271T or PB2-3mut significantly reduced the polymerase activity of Cal polymerase complex by 80.7 or 90.8%, respectively, compared to wt Cal PB2 (P Ͻ 0.05, Fig. 3A) . Cal PB2-4mut further reduced the activity by 97.4% at 34°C (P Ͻ 0.05, Fig. 3A) . Although similar patterns were seen at 37°C, the reduced polymerase activity due to mutation of these residues was much more noticeable at 34°C than that at 37°C (Fig. 3A) . In 293T cells, all PB2 mutants were expressed at least as well as wt Cal PB2 at both temperatures (Fig. 3B) . Taken together, these results indicate that the amino acids at positions 271, 661, and 683/684 in PB2 are responsible for enhanced polymerase activity in mammalian cells especially at low temperature.
PB2 residues at positions 271, 661, and 683/684 are involved in viral protein production and growth in infected cells. To assess the impact of mutating these PB2 residues in the context of viral infection, we rescued recombinant Cal viruses containing Cal PB2 with Nan residues 271T, 3mut (661V and 683V/684A), or 4mut (271T, 661V, and 683V/684A). All viruses were successfully rescued. First, we compared multistep virus growth in human airway epithelial Calu-3 cells following Cal wt or PB2 mutant infection. As anticipated, the growth of the CalPB2-4mut virus was strongly reduced compared to Cal wt (Fig. 4) . The difference in virus titers at 34°C was more distinct than that detected at 37°C. At 24 hpi, the virus titer of CalPB2-4mut was 24.5-fold lower than that of Cal wt at 34°C, but only 5.4-fold less at 37°C. The virus titers of CalPB2-271T and CalPB2-3mut viruses showed an intermediate growth phenotype between Cal wt and CalPB2-4mut. These data indicate that the PB2 amino acids at positions 271, 661, and 683/684 play a key role in virus growth in Calu-3 cells, especially at low temperature. Next, we compared virus protein production in Calu-3 cells. Consistent with the results of the reporter gene assays and virus growth curves, CalPB2-4mut virus produced reduced levels of viral proteins at 34°C (Fig. 5) . In contrast, the reduction of viral protein in CalPB2-4mut virus-infected cells, while present, was not as extreme at 37°C. These data demonstrate that the residues at positions 271, 661, and 683/684 in PB2 contribute to virus production in infected cells, especially at low temperature.
Amino acid sequence variation of position 271, 661, and 683/ 684 in PB2 among influenza A virus lineages. To analyze the presence of PB2 residues 271A, 661A, and 683T/684S among various influenza A virus lineages, we performed single nucleotide polymorphism analysis of PB2 proteins of avian (5,829 sequences), human (all subtypes of human viruses except for pH1N1 viruses, 3,700 sequences), swine (1,410 sequences), and pH1N1 viruses (2,215 sequences) isolated from North America available in the Influenza Research Database by 18 March 2015 (21) . Among the residues we tested in vitro, the 271A mutation most strongly enhanced the activity, followed by the 683T/684S and 661A mutations. Consistent with our previous report (3), PB2 271A is highly conserved among human (99.5%), swine (90.6%), and pH1N1 viruses (99.9%), whereas 271T is most common in avian viruses (98.7%), suggesting that the T-to-A substitution at position 271 in PB2 plays a key role in adaptation of avian viruses and the pH1N1 virus containing an avian-origin PB2 to mammals. PB2 661A is well conserved among pH1N1 viruses (99.5%) and swine (89.6%) isolates. PB2 661A is also conserved among avian viruses (98.4%), while 661T is common in human viruses (94.5%), suggesting that although the presence of 661A enhances low-temperature polymerase activity, the residue is not required for maintenance in human populations (22) . PB2 683T is commonly conserved in avian (98.9%), human (99.3%), swine (99.2%), and pH1N1 virus (99.8%). However, 684S is common in human (75.4%) and pH1N1 viruses (100%), while 684A is conserved among avian (99.0%) and swine viruses (95.9%). Because 684S is conserved among pH1N1, but not in swine isolates, we further analyzed amino acid sequence variation at position 684 in triple-reassortant swine influenza viruses containing avian origin PB2 isolated from North America between 1998 and 2008 (H1N1, H1N2, and H3N2 subtypes, 253 sequences), which are considered to be precursor viruses of the pH1N1 virus. Interestingly, 684A is well conserved among these viruses (99.2%), suggesting the possibility that an alanine-to-serine mutation at PB2 684 contributed to the emergence of the 2009 pH1N1 virus.
DISCUSSION
The PB2 protein has been shown to play an important role in determination of host range, cold sensitivity, and pathogenesis of influenza A virus (2, 4, 7, 10, 23) . Several amino acid substitutions, including PB2 627K and 701N, have been reported to enhance activity of avian polymerase complexes in mammalian cells and are associated with host adaptation of avian influenza viruses, including highly pathogenic H5N1 or H7N9 avian influenza viruses, to mammals (5, 7, 23, 24) . The pH1N1 virus can efficiently replicate in mammals despite its avian origin PB2 lacking 627K or 701N (13) . Of note, the introduction of 627K or 701N into the pH1N1 virus had minimal impact on virus replication and pathogenicity in mice (25) . It suggests that the mutation patterns of PB2 protein responsible for the adaptation into mammals vary between pH1N1 and other influenza viruses. Thus far, PB2 271A and 591R have been identified to enhance pH1N1 polymerase activity in mammalian cells (3, 26, 27) . In addition, mutations in PA were also shown to contribute to mammalian host adaptation (8) . We previously showed that an avian polymerase complex containing pH1N1 PA enhanced activity in mammalian cells only at 37°C and not at the low temperature 34°C. Additional incorporation of pH1N1 PB2 was required for enhanced activity in mammalian cells at 34°C, showing that mutations in PB2 contribute to low temperature activity (8) . In the present study, we identified additional PB2 residues 661 and 683/684 which are required for enhanced polymerase activity and virus growth of the pH1N1 virus in mammalian cells, especially at low temperature.
Our reporter assay data using Cal/Nan PB2 chimeric cDNAs suggested that the 645-759 C-terminal region, in the absence of 627K or 701N, contains critical residues which confer increased polymerase activity in mammalian cells at low temperature (Fig.  1C) . Interestingly, the C2 chimera containing Cal PB2 residues 1 to 247 fused to Nan PB2 residues 248 to 759 exhibited the lowest polymerase activity among the five chimeras (Fig. 1C) , suggesting that residues within residues 248 to 644 also contribute to enhanced polymerase activity at low temperature. We have previously shown that residue 271A, which is well conserved among human influenza viruses, plays a role in pH1N1 polymerase activity in mammalian cells at low temperature (3). Indeed, introduction of 271A in Nan PB2 significantly enhanced the polymerase activity at 34°C (Fig. 2A) , although it is still low compared to Cal PB2. Stepwise mutation analysis revealed that the introduction of 271A, 661A, and 683T/684S combination mutations to Nan PB2 enhanced activity to the level of the complex containing Cal PB2 ( Fig. 2A) , showing that these are the minimum residues required for enhanced activity at low temperature. Consistent with these data, the Cal polymerase complex or recombinant virus containing Cal PB2 with Nan residues 271T, 661V, and 683V/684A exhibited reduced polymerase activity and virus growth in mammalian cells especially at low temperature (Fig., 3, 4 , and 5). Our sequence analysis showed that residues 271A and 684S are conserved in human and pH1N1 viruses, but not in avian viruses. Interestingly, 271A is very common in H1N1, H1N2, and H3N2 triple-reassortant swine influenza viruses (97.6%). However, these swine viruses did not contain 684S, which may indicate that the additional introduction of the 684S mutation contributed the emergence of pH1N1 from the swine virus.
Recently, the three-dimensional crystal structure of the trimeric polymerase complex (PA, PB1, and PB2) has been reported (28, 29) . Interestingly, residues 661 and 683/684 are located at the surface of the PA-PB1-PB2 complex close to residue 701 (Fig. 6)  (6, 30) . These residues localize to a different area compared to residues 627 or 271 (Fig. 6) . The majority of PB2 residues that affect polymerase activity in a host specific manner localize at the surface of the polymerase complex. Some previous studies suggest that the interaction of PB2 with host proteins, which act as either inhibitors or enhancers of the polymerase activity, plays a key role in avian virus adaptation to mammalian hosts (31, 32) . If this is the case, it is highly likely that interactions with multiple cellular factors are involved in polymerase activity because of the different location of 271 compared to 661 and 683/684. It is possible that these residues may allow the pH1N1 polymerase to escape from host antiviral proteins or bind to host enhancing proteins that interact with the polymerase with low affinity. Identification of the host proteins involved will be required to better understand the host adaptation mechanism of influenza A viruses.
